Murine leukemia virus mutants ts3 (Moloney) and ts24 (Rauscher) both formed late-budding structures on the cell membrane at restrictive temperature. They both accumulated core polyproteins Pr665ga-and Pr18095-a1Po in cell membranes, but the envelope precursor was rapidly turned over. After shift to permissive temperature in the presence of cycloheximide, the accumulated precursors were sequentially cleaved via discrete intermediates both during the final stages of the budding process and in newly released virions to yield the finished virion core proteins and reverse transcriptase. The precursor form of reverse transcriptase was not enzymatically active and became activated partially or entirely inside released virions.
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Three primary polypeptide translation prod-not Pr80-90en' at the restrictive temperature. ucts of the murine retrovirus genome have been The proteins all collect at the plasma membrane, defined. These are: (i) Pren", an 80,000-to 90,000-and large numbers of late-stage budding strucmolecular-weight glycosylated precursor, trans-tures are evident. Temperature shiftdown experlated on membrane-bound ribosomes (2, 6, 12 , iments in the presence of cycloheximide dem-17, 18, 34) , that upon cleavage yields the virion onstrate that preformed Pr65,ga and Pr1809a-"PO envelope proteins gp7O, pl2E, and pl5E; (ii) can be cleaved. Cleavage of both precursors can Pr65ga, a 65,000-molecular-weight precursor, be demonstrated in released virions and may encoded on cytoplasmic ribosomes and possibly also occur before release of buds from the cell.
derived from a larger Pr7&1-1, that is cleaved to Enzymatically active reverse transcriptase is form the major internal virion protein, p30, and only demonstrable after cleavage. The genetic three other low-molecular-weight proteins (4, 10, site of the primary defect in these mutants could 27, 29, 30); and (iii) Pr1809g-l°, a polyprotein of not be ascertained from such experiments. estimated molecular weight 180,000 made in small quantities that contains both Pr659a1 and MATERIALS AND METHODS the virion reverse transcriptase, p85. Pr18095f-Pol Viruses and cells. MuLV Moloney strain ts3 (37) has been demonstrated both by in vitro trans-and Rauscher strain ts24 (28) were gifts from P. Wong, lation using virion-derived 35S RNA as template University of Illinois, and S. Aaronson, National Canand by in vivo labeling experiments (1, 11, 13 , cer Institute (NCI), respectively. Both mutants were 19, 20, 23, 24, 30).
cloned upon arrival in this laboratory in a previously
The precise mechanisms by which these pro-cloned line of NIH/3T3 fibroblasts. The ratio of virion teins or theircleavage precises aggregate at the budding at 32.5/39°C was 100-to 500-fold for ts3 and teins or ther cleavage products aggregate at the 200-to 1,000-fold for ts24 assayed by reverse transcripcell membrane to form the viral budding struc-tase release; similar results were previously found usture are unknown. The interrelationship of mac-ing other cell lines infected by these mutants (28, 35 , romolecular assembly and specific proteolytic 37). Cloned wild-type Moloney MuLV in NIH/3T3 cleavage is difficult to assess in cells infected by fibroblasts has been previously described (7) . Cell lines wild-type virus because all stages of assembly were maintained at 37°C for routine passage in Duland processing are occurring simultaneously. In becco-modified Eagle (DME) medium (Grand Island this report we describe the processing of murine Biological Co.) with 10% calf serum. leukemia virus (MuLV) polyproteins in cells inImmune sera. Rabbit antisera to Moloney MuLV fected by temperature-sensitive (ts) mutants p30, gp7O, and reverse transcriptase were prepared and characterized for specificity as previously deMoloney ts3 (37) and Rauscher ts24 (28) [355] methionine, and the ear 20 to 5% polyacrylamide gradient gels were pre-labeled proteins were immunoprecipitated with pared and used for electrophoresis as previously de-antisera prepared to purified p30, gp7O, and p85 scribed (15, 34) . Gels were fixed and processed for (reverse transcriptase) or to whole virus. The fluorography as previously described (5) .
individual immunoprecipitates were then anaReverse transcriptase. Reverse transcriptase was lyzed by SDS-polyacrylamide gel electrophoreassayed with exogenous template and primer as pre-sis and autoradiography (Fig. 2) . Uninfected viously described (22). Glycerol gradient centrifuga-cels contained virtually no immunoprecipitable tion was as previously described (8) .
. Membrane fractionation. Total cell membranes radioactive bands (Fig. 2, control) . From infected were prepared by hypotonic swelling and Dounce ho-cells, anti-p85 (reverse transcriptase) precipimogenization as previously described (9, 34 Pr65'" (16, 26) . Several other Rauscher stocks tions were isolated from ts24-infected cells lashowed the same 32P-labeling pattern (not beled for 2 h at 39°C. Almost all of the Pr6,Va, shown).
Pr180fa"Po, and Pr90en" were associated with the We further investigated the properties of pre-membrane fraction (Fig. 4) . cleaved Pr&-and a rapid loss of Pr80"'". This plete DME. Cycloheximide at 50 tig/ml was rapidly turning over PrO'`t was not quantita-present after shiftdown to ensure that only pretively converted to gp7O-p15E. In some experi-made polypeptides contributed to the yield. ments a small fraction (<10%) could be re-Both cell extracts and released particles were covered as the appropriate cleavage products, examined by specific immunoprecipitation and but most PrO'" from ts appeared to be de-electrophoresis at various times after shiftdown. graded to unrecoverable products at restrictive Using anti-p85 (reverse transcriptase) serum, temperature.
it was evident that in the cells and released
From the results, it appears that the two ts virions, products other than Pr89''P apmutants both show accumulation of core pre-peared after shiftdown (Fig. 6) . Binding of precursor polyproteins to cellular membranes. Cells infected by ts24 grown at 32.5°C were shifted to 39°C and labeled for 2 h with [5S]methionine. Monolayers were rapidly chilled at 0WC, washed with iced saline, hypotonically swollen, and broken by homogenization with a Dounce homogenizer (9, 34) . Nuclei and unbroken cells were removed at 1,000 x g for 10 min, and then membranes were pelleted at 40,000 x g for 25 min. Membranes and cytosol were prepared for extraction and immunoprecipitation. Sera used were (1) normal rabbit serum, (2) rabbit anti-reverse transcriptase, (3) rabbit anti-gp7O, and (4) rabbit antip30. Samples were subjected to electrophoresis and fluorographed as in Fig. 2 . The gel was exposed for 48 h. labeled polypeptides, Prl40-145PY and Prl3O"', (pl5E and pl2E were not included in these gels).
became evident that were precipitated by antiIn summary, the data of Fig. 6 show that after p85 but not by anti-p30. These presumably cor-shiftdown, both p165gag and Prl80-a4P' start to respond to polypeptides called PrRT 1 and 2 by be cleaved and released into virions. Both unJamjoom et al. (11) . During longer chases of 40 cleaved forms and intermediates were found in and 60 min, mature p85 was recovered in the cells and in newly made particles. The final supernatant virions, but only trace amounts products, p30 and p85, build up with time in were associated with the cells. Some Prl8W(-P"' virions; p30 is maintained at a steady-state level was released before cleavage, as is more evident in cells but p85 is not found in cells. in Fig. 7 . The high-molecular-weight band above Some Pr65'g and Pr1801"IRP°were released Pr180ga9P°is a cellular protein ( 32 .50C were shifted to 39°C and pulse-labeled for 20 min with ['5S]methionine, washed, and chased at 39°C with complete DME for 1 or 2 h. Cells from the pulse period and each chase interval and the supernatant media from each chase interval were extracted and immunoprecipitated with a mixture of rabbit anti-p30 and anti-gp 70. Samples were subjected to electrophoresis and fluorographed as in Fig. 2 infected cells grown at 32.5°C were shifted to 39°C, labeled for 2 h with r"5SJmethionine, and then shifted down to 32.50C in complete DME growth medium containing 50 ug of cycloheximide per mL Both cells and supernatant fluids were harvested and extracted at various intervals and then processed for immunoprecipitation. Sera used were (1) rabbit anti-reverse transcriptase, (2) rabbit anti-gp7O, and (3) rabbit anti-p30.
Samples were subjected to electrophoresis and fluorographed as in Fig. 2 . Cell extracts were exposed for 24 h, and supernatant fluid was exposed for 72 h at -70°C. 32 .50C in complete DME without serum containing 50 jug of cycloheximide per ml. Supernatant fluid collected from 0 to 20 min after shiftdown was rapidly chilled to 0°C and clarified at 1,000 x g for 10 min to remove any cells or large debris. One portion was further incubated at 32.5°C for 20 min, and then both were extracted for immunoprecipitation. Sera used were (1) rabbit anti-reverse transcriptase, (2) rabbit anti-gp70, (3) rabbit anti-p30, and (4) goat anti-Moloney virion. Samples were subjected to electrophoresis and fluorographed as in Fig. 2 . The gel was exposed for 72 h. supernatant precursors were presumably pack-permissive temperature in the presence of cycloaged into virions because they were in a partic-heximide to study release of reverse transcripulate fraction and had a density between 1.14 tase. Membranes of ts mutant-infected cells held and 1.17 g/ml (unpublished observations).
at nonpermissive temperature had relatively litEnzymatic acitvity of Pr1809°1. Previous tle active enzyme. After shiftdown, enzyme acwork has indicated that retrovirus-infected cells tivity in the membranes increased, and threefold have little or no active intracellular reverse tran-more enzyme was released from the cells inscriptase (21). Cells infected by ts3 or ts24, how-fected with ts3 and ts24 than from cells infected ever, build up Pr18&"w""', the precursor to re-with wild-type virus (Table 2) .
verse transcriptase at nonpermissive temperaTo investigate whether any of the enzyme ture. As shown above, the Prl8OYA9Po is localized activity found in membranes at nonpermissive in cell membranes; therefore, to investigate temperature was Pr180"""I", the size of the enwhether Prl80gqaR-I is enzymatically active, the zyme solubilized from membranes was investireverse transcriptase activity of membranes of gated by glycerol gradient centrifugation ( Fig.  cells infected with wild-type MuLV, ts3, and ts24 8). The only defined peak of enzymatic activity was studied (Table 2) . Cells were also shifted to was 85,000 in molecular weight (Fig. 8C) (Fig. 8B) or the enzyme from virions (Fig. 8A) , suggesting that it represents a small breakthrough of the temperature-sensitive len sions and not active Pr180L'"Po. The relatively 8 low incorporation and diffuse background from ts24 membranes (Fig. 8C) The behavior of Pren" in these mutants is less molecules of pilal (11, 20) . Both polypeptides evident. It is much more unstable than the Pren' appear to be initiated at the same place on a 35S of wild-type virus, and much of it degrades to mRNA. A readthrough from gag to pol is conunrecoverable products within an hour of its trolled by some mechanism that bypasses a synthesis at nonpermissive temperature (Fig. 5) . UAG termination codon (24). The present studIt is possible that the mutations are in the Pren' ies indicate that PrI848E,"19P°is enzymatically ingene and gave rise to the instability of the pro-active. Because it is localized in membranes, it tein.
was possible to assay it independently of inhibBecause the precursor proteins labeled at non-itory factors that are present in the cytosol (21). permissive temperature can be cleaved to their Although Pr180Y,""' built up in membranes at normal products after shiftdown, there is no restrictive temperature, very little reverse tranirremedial defect in the MuLV proteins caused scriptase was found in membranes compared to by the ts lesion. This fact has allowed us to what could be released by shiftdown in the presdemonstrate that Pe'X cleavage can occur con-ence of cycloheximide (Table 2) . Although a comitant with the last budding stage and also in small amount of active 85,000-molecular-weight released virions. PrI80ga,9°' can be cleaved to reverse transcriptase was found in membranes, Prl3""' while buds are still cell associated, but no peak of active 180,000 or 130,000 form was cleavage to p85 occurs only after release of par-found. Because appearance of active reverse ticles from the cell surface. We believe that these transcriptase requires shiftdown and because reevents occur during normal budding in the same verse transcriptase activity increases after viriorder because Jamjoom et al. (11) showed that ons are released from cells ( 
